Industrial parks have various sources and conversion forms of energy. The many uncertainties in the planning of industrial park integrated energy systems (IPIES) pose a great risk of regret in planning schemes; thus, an expansion planning method for an IPIES, considering regret aversion, is proposed. Based on comprehensive regret value consisting of min-max regret aversion and the min average regret value, the method optimizes the comprehensive cost of the expansion planning scheme in IPIES under different natural gas price fluctuation scenarios, including costs of construction, operation and maintenance, and environmental protection. A multi-stage expansion planning scheme and typical daily operation plans under multiple natural gas price fluctuation scenarios of the IPIES in an economic and technological development zone in southeast China are used to demonstrate the validity of the method. The results show that, compared with a traditional planning method based on expectation, the proposed expansion planning method could reduce the maximum regret value by 14% on average, and greatly reduces the risk of decision-making regret by up to 18%. At the same time, the influence of natural gas price on expansion planning of the IPIES is discussed.
Introduction
The integrated energy system (IES) integrates energy production, conversion, storage, and consumption [1, 2] . It is an important development trend of energy technology to achieve coordinated and complementary optimization of multiple energy sources in the future [3] [4] [5] . Industrial parks with intensive demand for electricity, steam, cold, and heat energy are typical application scenarios for IES. How to plan industrial park integrated energy systems (IPIES) is an important issue in current research [6, 7] . In order to optimize the structure and capacity of the IES, domestic and foreign scholars have proposed various models, algorithms, and planning objectives. Geidl et al. [8] proposed the concept of an energy hub (EH) and established a planning model for an electric power and natural gas system with the objective function of minimum energy loss in the EH. Zhang et al. [9] considered a variety of combined heat and power (CHP) generation units, designing CHP units with the objective of system economics and environmental performance. Zhang et al. [10] decomposed the planning model into two aspects: Investment and operation feasibility of a power system or natural gas system. Zhao et al. [11] proposed a three-level collaborative global optimization method for a combined cooling, heating, and power (CCHP) system. These research and planning methods were mainly designed for a system plan in a specific state.
IPIES Structure and Expansion Planning Method Model
Referring to [8, 11, 14, 23, 33, 34] , the structure and energy flow of the IPIES studied in this paper is shown in Figure 1 . The system is connected to a steam network provided by an external large thermal power plant. The IPIES includes four parts: (1) Supply part: Power grid, natural gas network, steam network, photovoltaic (PV); (2) conversion part: Micro turbine (MT), heat recovery device (HR), electric boiler (EB), gas boiler (GB), heat pump (HP), electric chiller (EC), heat exchanger (HC), absorption chiller (AC); (3) storage part: Battery (BAT), steam heat storage (HS), cold energy storage (CS); and 4) load part: Electrical loads, steam loads, heat loads, cold loads, gas loads.
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Energies 2019, 12, 4098 4 of 20 In the expansion planning layer, the method sets the capacity and the typical daily operating power corresponding to device capacity as the variables. The method establishes an expansion planning model by taking the net present value of the comprehensive cost, including costs of construction, operation and maintenance, and environmental protection, as the objective function.
In the regret aversion layer, the method firstly calculates the optimal alternative schemes under different natural gas price fluctuation scenarios with the lowest comprehensive cost. Then, the method sets a min-max regret value and the lowest average regret value between the final planning scheme and the optimal alternative schemes as the objective function to optimize the device capacity within the final multi-stage expansion planning scheme and the typical daily operation plans under multiple natural gas price fluctuation scenarios.
Stage Scenarios Analysis Layer
Firstly, the scenario analysis method in [35] is used to deal with the volatility and randomness of each energy load and photovoltaic (PV) unit output power. The number of typical day scenarios after the load scenes and the lighting scenes are reduced is M, and each typical day scenario, m, has D m days in a whole year. In order to meet the normal operation of the system at all times, an additional daily limit scenario with a constant zero PV output power is added. In view of the growth of energy load during the planning stages, the paper refers to the multi-stage planning method of a power system [36] , introduces the continuous load curve to describe the medium and long-term load growth expectations, and divides the load level in the planning period into several horizontal sections, though the simplification will affect the accuracy of the model to some extent. A typical day scenario's load characteristic curves at different load levels can be obtained by equal ratio changes.
In addition, considering the price of the system device will decrease during the planning stages with the development of science and technology, and will stabilize after the technology matures [37] , a piecewise exponential function is used to represent the dynamic change in device prices [38] :
where c I,k,y is the construction price of the device k in year y; g k is the price correction coefficient of the device k; g c k is the critical price reduction factor; Y c k is the time for the device k to reach the critical price; and Y is the operating period of the IPIES.
The electricity market is still not perfect in China, but electricity prices are relatively stable due to policy decisions; natural gas prices, however, will be affected by changes in global trade prices and domestic supply and demand factors, and there will be greater uncertainty in prices over time and space. In the past, natural gas was originally developed as a replacement for traditional fuel, and its pricing was linked to other energy such as oil and the oil-indexed gas imports in China accounted for the majority [39] [40] [41] . However, with the changes in the international natural gas supply and demand pattern and the continuous reform of China oil and gas market, natural gas, especially liquefied natural gas (LNG), is gradually becoming an independent energy product. In 2018, China LNG imports accounted for 60% of total natural gas imports [42] . LNG breaks the restrictions on natural gas transmission and trade between regions, greatly enhancing the transmission and impact range of natural gas prices. The 2019 Wholesale Gas Price Survey shows that Henry-Hub priced US LNG exports continued rising and there is more gas price convergence amongst countries since the global gas market and market-related pricing [43] . Figure 3 shows the China LNG ex-factory price index given by the Shanghai Petroleum and Natural Gas Exchange, reflecting the price trend of LNG in the domestic market [42] . The Shanghai Petroleum and Natural Gas Exchange, which was officially launched in 2015, opened the situation that China natural gas prices are determined by competition between supply and demand. It can be seen from Figure 3 that China's LNG spot price also has large fluctuations in different periods. prices are determined by competition between supply and demand. It can be seen from Figure 3 that China's LNG spot price also has large fluctuations in different periods. Changes in natural gas prices will directly affect the operating costs of the IPIES, which in turn will affect the economic operation of the system and the expansion of the plan; the greater fluctuation, the higher the impact on the plan. Seasonal or yearly consideration of natural gas price fluctuations during the planning cycle will lead to excessive calculation of the model. The method uses stage scenario analysis techniques to analyze the uncertainty of natural gas prices during expansion planning. The method takes the natural gas price in the initial planning stage as the benchmark price, and considers that there may be fluctuations, η ,in the price of the subsequent stage compared to the benchmark price; that is, it may rise, fall, or remain unchanged from the benchmark price. In the resulting natural gas price fluctuation scenario set, S , a planning stages corresponds to -1 3 a natural gas price fluctuation scenarios, and the scenario probability corresponding to the natural gas price fluctuation scenario, s ,is s π .
Expansion Planning Layer

Objective Function
The expansion planning layer takes the net present value of the comprehensive cost, Changes in natural gas prices will directly affect the operating costs of the IPIES, which in turn will affect the economic operation of the system and the expansion of the plan; the greater fluctuation, the higher the impact on the plan. Seasonal or yearly consideration of natural gas price fluctuations during the planning cycle will lead to excessive calculation of the model. The method uses stage scenario analysis techniques to analyze the uncertainty of natural gas prices during expansion planning. The method takes the natural gas price in the initial planning stage as the benchmark price, and considers that there may be fluctuations, η, in the price of the subsequent stage compared to the benchmark price; that is, it may rise, fall, or remain unchanged from the benchmark price. In the resulting natural gas price fluctuation scenario set, S, a planning stages corresponds to 3 a−1 natural gas price fluctuation scenarios, and the scenario probability corresponding to the natural gas price fluctuation scenario, s, is π s .
Expansion Planning Layer
Objective Function
The expansion planning layer takes the net present value of the comprehensive cost, C COM s , of multi-stage planning in a natural gas price fluctuation scenario, s ∈ S, as the objective function, including the system construction cost, C I s , operation cost, C O s , maintenance cost, C M s , and environmental protection cost, C ENV s : 
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where a is the planning stage, and each stage has T years; y is the operation year of IPIES; t is 24 intraday hours; δ y is the year discount rate; λ is the annual discount rate; c I,k a is the unit construction cost matrix of each device, including BAT, HS, CS, PV, CHP, GB, EB, HP, EC, HC, and AC; W k s,a is the total capacity matrix of each device in stage a under scenario s; c I,T a is the power transmission capacity expansion cost; I des a is the 0-1 mark for the power transmission expansion status, 1 after expansion, 0 before expansion; c E t is the electricity price at time t; c G a is the price for a unit kWh of energy natural gas in stage a under scenario s; c S is the price for a unit kW·h of energy steam, and the unit kW·h energy price can be calculated by the unit cubic meter price or the unit steaming price and the low calorific value of the energy; P SYS s,a,m,t , G SYS s,a,m,t , and S SYS s,a,m,t are the electricity, gas, and steam power, respectively, that the system interacts with in the external network at typical day m, time t in stage a under scenario s; c M,BAT , c M,HS , and c M,CS are the unit maintenance cost of BAT, HS, and CS, respectively; c M,k1 is the unit maintenance cost matrix of the device except for energy storage in IPIES; P BAT s,a,m,t , S HS s,a,m,t , and C CS s,a,m,t are the power exchange of the energy storage device for BAT, HS, and CS, respectively; Q k1 s,a,m,t is the operating power matrix of each device except for energy storage in IPIES; and γ E , γ G , and γ S are the environmental cost of emissions from unit electricity, gas, and steam power, respectively, and can be calculated from the environmental value of the pollutants discharged per kW·h of energy.
Constraints
The constraints in the expansion planning layer include expansion constraints, load part constraints, supply part constraints, conversion part constraints and storage part constraints.
(1) Expansion constraints Each stage can expand the capacity of each device in the IPIES or maintain the configuration of the previous stage. Decommissioning is required for the life of the device to expire:
where W k s,a is the capacity of the device k in stage a under scenario s; W k,out s,a is the capacity of the device k to be decommissioned in stage a under scenario s; and n k is the number of planned stages that device k can serve; when a ≤ 0, W k s,a is 0.
(2) Load part constraints:
where P PV s,a,m,t , P CHP s,a,m,t , P LD s,a,m,t , P EB s,a,m,t , P EC s,a,m,t , and P EH s,a,m,t are the output power of the PV, CHP, the electric load power, and the electric power consumed by the EB, EC, and EH, respectively; S CHP s,a,m,t , S EB s,a,m,t , S GB s,a,m,t , S LD s,a,m,t , S HC s,a,m,t , and S AC s,a,m,t are the output steam power of CHP, EB, GB, and the steam load power, the steam power consumed by the HC, and AC, respectively; H HC s,a,m,t , H EH s,a,m,t , and H LD s,a,m,t are the output heat power of the HC, EH, and the heat load power, respectively; C AC s,a,m,t , C EC s,a,m,t , and C LD s,a,m,t are the output cold power of the AC, EC, and the cold load power, respectively; G LD s,a,m,t , G CHP s,a,m,t , and G GB s,a,m,t are the natural gas load power, the natural gas power consumed by CHP, and GB, respectively. Considering that the accuracy requirements of the planning are not as high as the actual running, in order to improve the efficiency of the model solving, the transmission loss of power grid, gas network and steam network were neglected.
(3) Supply part constraints:
where P SYS max , G SYS max , and S SYS max are the upper limit of the interaction power between the system and the external electricity, gas, and steam networks, respectively; P 0 is the capacity for power transmission expansion; P SYS min , G SYS min , and S SYS min are the lower limit of the interaction power between the system and the external electricity, gas, and steam networks, respectively;
(4) Conversion part constraints
In order to simplify the analysis, the operating efficiency of each energy conversion device is constant, and the variable operating characteristics are neglected. The constraints of GB, EB, AC, EC, HP, and HC are uniformly stated as:
where Q k,in s,a,m,t and Q k1,out s,a,m,t are the input and output power, respectively, of the above device, k 1 , at typical day m, time t in stage a under scenario s; W k1 s,a is the total configuration capacity of the device in stage a under scenario s; η k1 is the operating efficiency of the device; and ε k1 min is the lowest power factor of the device.
The CHP is coupled to both electricity and steam with the following constraints:
(5) Storage part constraints
The three types of energy storage device, including BAT, HS, and CS, have similar operating characteristics:
where k 2 is the type of energy storage device in the IPIES; W k 2 s,a,m,t is the stored energy of energy storage device k 2 at typical day m, time t in stage a under scenario s; µ k 2 loss is the self-consumption rate of the energy storage device, k 2 ; η k 2 ch and η k 2 dis are the charging efficiency and discharging efficiency of the energy storage device k 2 , respectively; ∆t is the unit scheduling time; ϕ k 2 max and ϕ k 2 min are the upper and lower limit coefficients, respectively, of the energy storage device, k 2 ,energy stored; P k 2 max is the upper limit of the switching power of energy storage device k 2 , related to the converter device. In order to achieve continuous scheduling, constrained energy storage stores the same energy at the beginning and end of the day.
Regret Aversion Layer
Optimal Alternative Schemes
The regret aversion layer can be divided into two parts: Optimal alternative schemes calculation and regret aversion optimization. The optimal alternative schemes part uses the expansion planning layer model, with the comprehensive cost in Equation (2) will then be substituted as a known parameter into the evasive optimization part.
Regret Aversion Optimization
In response to the regret resulting from the fact that decision-makers did not choose a better expansion planning scheme, the additional aggregate comprehensive cost was chosen as the regret value: In view of the regret aversion optimization part, the decision-maker selects the additional comprehensive cost as the regret value:
where C REG s (ω, τ ω s ) is the regret value of the expansion planning scheme, ω,under scenario s; τ ω s is the typical daily operation plans based on scheme ω under scenario s; C COM s (ω, τ ω s ) is the comprehensive cost of the scheme, ω, and operation plans, τ ω s , which is obtained during the expansion planning layer; and C COM s (ω s , τ ω s s ) is the lowest comprehensive cost under scenario s, which is obtained in the optimal alternative schemes part.
We used the minimum-maximum regret value under all natural gas price fluctuation scenarios considering the distribution of the scenarios as an objective to control the regret risk of the IPIES expansion planning scheme, ω, under different natural gas price fluctuation scenarios:
Further, the minimum-maximum regret aversion objective can be considered together with the minimum objective of the average comprehensive cost. As the optimal comprehensive cost in each scenario is known, the average regret value is equivalent to the objective of the minimum expected comprehensive cost. The objective function of the expansion planning method of the IPIES is finally constructed as:
where C CRE (ω, τ ω s ) is the comprehensive regret value; α and β is the weight coefficient of the minimum-maximum regret aversion objective and the minimum average regret objective, and α + β = 1. When α is taken as 1, Equation (30) is equivalent to Equation (29) .
The proposed method of regret aversion optimization uses Equation (30) as the objective function and Equations (2)-(28) as the constraint condition to optimize the multi-stage expansion Energies 2019, 12, 4098 9 of 20 planning scheme of IPIES and the typical daily operation plans under multiple natural gas price fluctuation scenarios.
Method Solution
The expansion planning method of IPIES considering regret aversion proposed in this paper is a mixed integer nonlinear programming model. Considering the variables and constraints of the model, mathematical modeling was performed on the MATLAB platform through the YALMIP toolbox, and the commercial optimization solver GUROBI was used to solve the model. The model solution environment for this article was: Intel Core 2 Duo P8600 CPU; 6 GB memory; software version: MATLAB R2014A; YALMIP R20180612; GUROBI 8.1.
Case Study
Basic Data
Taking an economic and technological development zone that includes more than 3000 industrial enterprises in Zhejiang province in southeastern China as the case study, the planned total operating life of the IPIES is 15 years, and every 5 years is an expansion planning stage. The typical days of the industrial park can be divided into summer, winter, and ordinary days. The number of days in the whole year is 100, 60, and 200 days. There is cold load demand in summer and heat load demand in winter. There is no gas load demand. The garment industry and beverage processing industry in the park have steam demand. The typical daily energy load curve and PV output curve of the park are shown in Figures 4 and 5 , respectively. In addition, consider an extreme scenario where PV units do not output power in a typical summer day. According to the high growth forecast of the park, the sustained load of the three extended planning stages is 150%, 200%, and 250% of the current load. The current electric, steam, and natural gas prices in the park are shown in Table 1 . Considering the continuous advancement of China oil and gas marketization reform, referring to Figure 3 , it is assumed that the future natural gas price may fluctuate by up to 50% compared with the current price, which has uniform distribution characteristics, corresponding to nine natural gas price fluctuation scenarios with the same probability: (S1) 100%-150%-150%; (S2) 100%-150%-100%; (S3) 100%-150%-50%; (S4) 100%-100%-150%; (S5) 100%-100%-100%; (S6) 100%-100%-50%; (S7) 100%-50%-150%; (S8) 100%-50%-100%; and (S9) 100%-50%-50%.
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Results and Analysis
The optimized IPIES expansion planning scheme, which takes α as 0.5, is shown in Table 4 . The regret value and cost of the scheme under different natural gas price fluctuation scenarios are shown in Tables 5 and 6, respectively. As seen from the expansion planning scheme in Table 4 , with an increase in the load level of the park, the capacity of most energy conversion devices in the system expands. Due to the dynamic changes in the price of the system device, and the unpredictable fluctuations in the system's natural gas price from the second phase, the device capacity increase between stages 1 and 2 is greater than that between stages 2 and 3.
The PV in the system uses renewable energy and has excellent economic benefits with the most installed capacity. The CHP is the main natural gas drive device in the IPIES. At the current natural gas price, the CHP has a certain economic advantage over the grid peak hour electricity price and normal electricity price. However, in the case of natural gas price fluctuations, this situation will change. Figure 6 shows the system energy purchases of stage 2 under the scenarios of different natural gas price fluctuations. It can be seen that, when the price of natural gas rises by 50%, the purchase of natural gas in the system decreases, and the purchase of electric and steam increases. When the price of natural gas drops by 50%, the purchase of natural gas in the system increases, and the purchase of electric and steam declined, with the purchase of steam almost falling to zero. Energies 2019, 12, 4098 29 of 22 The absorption capacity of the AC and HC in the IPIES is matched with the CHP. It can be seen from Figure 7a that, in the normal output power of the PV, the CHP reduces the output power to make full use of the renewable energy, and the cooling power in the system is mainly provided by the EC. As the PV output power decreases after 14:00, the output power of the CHP increases, and the output cooling power of the AC increases. When entering the electricity price valley at 22:00, the system energy supply turns to the grid and the output power of the EC rises again. In the case of unexpected failure of the photovoltaic unit, the daily load needs to be supplemented by the CHP. At the same time, the output of the EC will rise when the electricity price valley is between 11:00 and 13:00, and the output of the CHP and the AC will decrease. As the system is connected to an external steam network, the role of the GB in supplementing the electro-thermal ratio is replaced to some extent, with fewer configurations in the system. The EB works only at the peak of the PV output, making full use of the electric energy generated by the PV and making up for the lack of steam energy caused by the reduction of the power of the CHP. Heat storage stores energy when the load demand is low and discharges it when the load demand is high. The BAT can store energy in the electricity price valley, and the energy can be released at the peak and normal time to achieve the peaking and filling of the load and the economic improvement of the system.
The absorption capacity of the AC and HC in the IPIES is matched with the CHP. It can be seen from Figure 7a that, in the normal output power of the PV, the CHP reduces the output power to make full use of the renewable energy, and the cooling power in the system is mainly provided by the EC. As the PV output power decreases after 14:00, the output power of the CHP increases, and the output cooling power of the AC increases. When entering the electricity price valley at 22:00, the system energy supply turns to the grid and the output power of the EC rises again. In the case of unexpected failure of the photovoltaic unit, the daily load needs to be supplemented by the CHP. At the same time, the output of the EC will rise when the electricity price valley is between 11:00 and 13:00, and the output of the CHP and the AC will decrease.
Comparing Figure 7a ,b, it can be seen that in order to ensure the user's energy demand, the system often needs to configure other backup devices to prevent the renewable sources from fluctuating or even zero output, causing the load shedding. Thus, although photovoltaic units have high economic benefits, there are certain restrictions on the permeability of renewable energy in the system. It is necessary to consider the extreme output scenarios of some renewable energy units in the planning process to optimize the capacity of the units and other related units to ensure the safe and economic operation of the system. Tables 5 and 6 show the regret value and cost of the plan in different natural gas price scenarios, respectively. The planning scheme has a large regret value under scenario 1 and scenario 9, and the regret value of scenario 5 is the smallest. Comparing Table 4 and optimal alternative schemes' typical device planning in stage 3 under scenarios 1, 5, and 9 in Table 7 , it can be seen that the high or low natural gas price in scenario 1 and scenario 9 leads to the significant difference in the configuration capacity of the equipment between the schemes, and further causes the actual planning scheme not to match the optimal alternative, resulting in an increase in regret value. make full use of the renewable energy, and the cooling power in the system is mainly provided by the EC. As the PV output power decreases after 14:00, the output power of the CHP increases, and the output cooling power of the AC increases. When entering the electricity price valley at 22:00, the system energy supply turns to the grid and the output power of the EC rises again. In the case of unexpected failure of the photovoltaic unit, the daily load needs to be supplemented by the CHP. At the same time, the output of the EC will rise when the electricity price valley is between 11:00 and 13:00, and the output of the CHP and the AC will decrease. Comparing Figures 7a and 7b , it can be seen that in order to ensure the user's energy demand, the system often needs to configure other backup devices to prevent the renewable sources from fluctuating or even zero output, causing the load shedding. Thus, although photovoltaic units have high economic benefits, there are certain restrictions on the permeability of renewable energy in the system. It is necessary to consider the extreme output scenarios of some renewable energy units in the planning process to optimize the capacity of the units and other related units to ensure the safe and economic operation of the system. Tables 5 and 6 show the regret value and cost of the plan in different natural gas price scenarios, respectively. The planning scheme has a large regret value under scenario 1 and scenario 9, and the regret value of scenario 5 is the smallest. Comparing Table 4 and optimal alternative schemes' typical device planning in stage 3 under scenarios 1, 5, and 9 in Table 7 , it can be seen that the high or low natural gas price in scenario 1 and scenario 9 leads to the significant difference in the configuration capacity of the equipment between the schemes, and further causes the actual planning scheme not to match the optimal alternative, resulting in an increase in regret value.
The cost difference between the different scenarios of the planning scheme is mainly due to the difference in operating costs. The overall energy consumption of scenario 1 is high, and the running cost is high. The overall energy consumption of scenario 9 is low, and the running cost is low. Because the energy demand of phase 3 is high, the high energy cost of phase 3 has a greater impact on the overall operating cost than phase 2, and the cost of scenario 7 is higher than that of scenario 3. The cost difference between the different scenarios of the planning scheme is mainly due to the difference in operating costs. The overall energy consumption of scenario 1 is high, and the running cost is high. The overall energy consumption of scenario 9 is low, and the running cost is low. Because the energy demand of phase 3 is high, the high energy cost of phase 3 has a greater impact on the overall operating cost than phase 2, and the cost of scenario 7 is higher than that of scenario 3.
Discussion
To verify the effectiveness of the method, we considered three planning methods for comparison: Case1: Expansion planning method that considers regret aversion proposed in this paper; Case2: Expansion planning method based on the lowest expected cost; and Case3: Expansion planning method that does not consider gas price fluctuations.
The regret value of the schemes obtained by different planning methods is shown in Figure 8 . The typical device expansion planning of each scheme is shown in Table 8 . The regret values under multiple scenarios with different planning methods are shown in Table 9 . More PV units are deployed in the expansion plan with the lowest expected cost, showing the economic benefits of renewable energy in the system. However, in case 2 and case 3, the plan of natural gas-related devices, such as combined heat and power (CHP), is insufficient, resulting in a large increase in regret when the price of natural gas is low. Compared to the extended planning method without consideration of the fluctuation of gas prices, the proposed method reduces the maximum regret value by 17.8% and reduces the comprehensive regret value by 9.4%.
Compared with the extended planning method based on the lowest expected cost, the method proposed in this paper has a lower regret value. The maximum regret value in case 1 is effectively constrained by the objective function. By introducing more natural gas equipment such as CHP, plan scheme in case 1 has better performance in scenario 6 to 9, especially in the worst scenario 9, but worse performance in scenario 1 to 5. The proposed method reduces the maximum regret value by 13.8% and reduces the comprehensive regret value by 2.7%. Although the average regret value increases by 0.92%, the reduction in the comprehensive regret value indicates that the benefit of controlling the maximum regret value exceeds the control of the average regret value under the decision-maker's risk control requirement.
Further considering the influence of the minimum maximum regret aversion weight coefficient, which represents the risk control requirement of the decision maker, the reduction of More PV units are deployed in the expansion plan with the lowest expected cost, showing the economic benefits of renewable energy in the system. However, in case 2 and case 3, the plan of natural gas-related devices, such as combined heat and power (CHP), is insufficient, resulting in a large increase in regret when the price of natural gas is low. Compared to the extended planning method without consideration of the fluctuation of gas prices, the proposed method reduces the maximum regret value by 17.8% and reduces the comprehensive regret value by 9.4%.
Further considering the influence of the minimum maximum regret aversion weight coefficient, which represents the risk control requirement of the decision maker, the reduction of comprehensive regret value between case 1 and case 2 can be calculated as:
where ω 1 , ω 2 is the plan scheme in case 1 and case 2, respectively The comprehensive regret reduction between case 1 and case 2 under different minimum-maximum regret aversion objective weights, α, are shown in Figure 9 . It can be seen from Figure 9 that when the range of is changed from 0.1 to 0.9, the comprehensive regret reduction rises, which indicates that with the increase of the decision-makers' requirement for maximum regret risk control, the planning method proposed is better than traditional method based on the lowest expected cost, making the plan more adaptive when faced with uncertain natural gas prices. If the decision makers have low demand for risk control, the planning method proposed is similar to the traditional method but still provides a little reduction in the comprehensive regret value. It shows that in the industrial park integrated energy system expansion plan, due consideration is given to the regret aversion factor, which can effectively control the regret risk of system planning decisions, and make the plan more adaptive when faced with uncertain natural gas prices. The comprehensive regret reduction between case 1 and case 2 under different minimummaximum regret aversion objective weights, α ,are shown in Figure 9 . It can be seen from Figure 9 that when the range of is changed from 0.1 to 0.9, the comprehensive regret reduction rises, which indicates that with the increase of the decision-makers' requirement for maximum regret risk control, the planning method proposed is better than traditional method based on the lowest expected cost, making the plan more adaptive when faced with uncertain natural gas prices. If the decision makers have low demand for risk control, the planning method proposed is similar to the traditional method but still provides a little reduction in the comprehensive regret value. It shows that in the industrial park integrated energy system expansion plan, due consideration is given to the regret aversion factor, which can effectively control the regret risk of system planning decisions, and make the plan more adaptive when faced with uncertain natural gas prices. However, the model is relatively simple while the transmission loss of the power grid, gas network, and steam network were entirely neglected in the paper. The theory of how the regret value and expansion plan is affected by load growth expectation was also not put forward in this paper. However, the model is relatively simple while the transmission loss of the power grid, gas network, and steam network were entirely neglected in the paper. The theory of how the regret value and expansion plan is affected by load growth expectation was also not put forward in this paper.
Conclusions
This paper proposed an expansion planning method for the industrial park integrated energy systems considering regret aversion. Based on the min-max regret aversion and the lowest average regret value, the method optimized the comprehensive cost of an expansion planning scheme in an IPIES under different natural gas price fluctuation scenarios, including costs of construction, operation and maintenance, and environmental protection. The example verifies the rationality and effectiveness of the proposed method. The optimized industrial park integrated energy system expansion plan greatly reduces the degree of decision-making regret and reduces the system cost compared with the traditional expansion plan, which does not consider natural gas price fluctuation. Compared with the expansion plan based on the lowest expected cost, it also effectively controls the system's decision-making regret risk. At the same time, the simulation results show that natural gas price fluctuations have a greater impact on system planning and operation.
With the deepening of the national power system reform, multi-regional integrated energy system collaborative planning and multi-subject integrated energy system planning and operation game theory will be the focus of future research.
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